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Abstract  22 
This study performed the first environmental and dietary exposure assessment to explore plant uptake 23 
of perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) from agricultural soil and 24 
irrigation water in the Nakdong River delta, South Korea. Annual average concentrations of total 25 
PFOA and PFOS ranged from 0.026 to 0.112 µg L-1 (irrigation water), and from 0.818 to 1.364 µg kg-26 
1 (soil), respectively. PFOA and PFOS hotspots were identified downstream of the Nakdong River, and 27 
were influenced by seasonal climatic variations. The observed average biennial concentration of the 28 
sum of PFOA and PFOS decreased in irrigation water, from 0.112 µg L-1 in 2013 to 0.026 µg L-1 in 29 
2015, suggests that the 2013 Persistent Organic Pollutants Control Act may have helped to reduce 30 
levels of PFAS at this location. This study calculated some of the highest plant uptake factors reported 31 
to date, with values ranging from 0.962 in green onions to < 0.004 in plums. Leafy vegetables and rice 32 
are important components of the Korean diet; these groups had the largest contribution to the estimated 33 
dietary intake of PFOA and PFOS, which was calculated at 0.449 and 0.140 ng kgbw-1 day-1, 34 
respectively. This corresponded to 66.4% for PFOA and 7.9% for PFOS of the EFSA reference dose 35 
(RfD). The dietary intake of PFOA and PFOS from crops alone did not exceed the RfD. However, 36 
when the estimated daily intake (EDI) from other sources such as tap water, meat, fish, dairy and 37 
beverages were included in the exposure risk assessment, both of the EDIs to PFOA and PFOS 38 
exceeded the RfDs, indicating there may be a risk to human health. This study concludes that 39 
consumption of crops might, therefore, be a significant and underappreciated pathway for human 40 
exposure to PFAS. 41 
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Per- and polyfluoroalkyl substances (PFAS) have been widely used in the fabric, paper, metal, 46 
surfactant, and electronic industries since the 1950s (Wang et al. 2014; Filipovic et al. 2015, Seong et 47 
al. 2019). Two of the most widely used PFAS include the long-chain perfluorooctanesulfonic acid 48 
(PFOS) and perfluorooctanoic acid (PFOA). These have high detection frequencies, bioaccumulate in 49 
crops, the environment, and humans, and are highly toxic. Both of these substances have been 50 
classified as persistent organic pollutants (POPs) by the Stockholm Convention (Kim et al. 2015a; 51 
Xiang et al. 2020).  52 
A wide number of reports have detected PFOA and PFOS in soil, water, biota, and food all over the 53 
globe. These studies identified contamination from historic and recent PFAS usage, as well as 54 
identifying direct and/or indirect human exposure in Europe (Kowalczyk et al. 2012; Toft et al. 2012; 55 
Flores et al. 2013; Filipovic et al. 2015; Lindim et al. 2016), the Americas (Olsen et al. 2012; Geiger 56 
et al. 2014; Rankin et al. 2016; Harris et al. 2017; Olsen et al. 2017), Australia (Baduel et al. 2014; 57 
Toms et al. 2014; Gomis et al. 2017; Gallen et al. 2018; O’Connor et al. 2018), Antarctica (Bengtson 58 
et al. 2010; Cai et al. 2012; Llorca et al. 2012), Africa (Hanssen et al. 2010; Essumang et al. 2017; 59 
Verhaert et al. 2017; Groffen et al. 2018), and Asia (Fujii et al. 2012; Lee et al. 2013b; Choi et al. 2017; 60 
Kim and Kim 2018; Kim et al. 2019; Li et al. 2020).  61 
The major exposure pathway for humans is through the ingestion of PFOA and PFOS accumulated in 62 
food and water (Vestergren and Cousins 2009; Heo et al. 2014; Ghisi et al. 2019; Luo et al. 2019). The 63 
respective guideline values of PFOA and PFOS for reference doses (RfD) were updated by the 64 
European Food Safety Authority (EFSA) and were changed from 1500 and 150 ng kg-1 day-1 in 2008 65 
to 0.8 and 1.8 ng kg-1 day-1 in 2018, respectively (Xiang et al. 2020). The International Agency for 66 
Research on Cancer classified PFOA and PFOS as “possibly carcinogenic to human” (IARC 2020). 67 
The major sources of PFAS in human diets are from dairy, fish, and meat products. Little is known 68 
about exposure from plant based products, although exposure from these sources is believed to 69 
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represent a minor source due to their relatively low bioaccumulation factors (< 0.01 – 4.7) (Lechner 70 
and Knapp 2011; Blaine et al. 2013; Garcia-Valcarcel et al. 2014; Choi et al. 2018; Ghisi et al. 2019). 71 
Despite the relatively low bioaccumulation factors reported to date, it is still crucial to monitor the 72 
residue of PFOA and PFOS in agricultural environments and products, to improve exposure 73 
assessment and establish environmental guidelines. 74 
South Korea, a developed and industrialized country, previously used PFAS in the textile and 75 
electronic industries. In 2012, South Korea listed PFOA and PFOS as POPs, in recognition of the 76 
hazard that these pollutants pose to human and the environment. The POPs Control Act was enforced 77 
for PFAS in 2013. The Act initially focused on the production and use of the C8-PFAS, as stipulated in 78 
Article 13 (1) – (4) (Jeong and Ma 2016). Nationwide, baseline environmental surveys (2011–2013) 79 
on PFOA and PFOS concentrations were conducted in agricultural and coastal environments. Several 80 
studies have identified elevated concentrations of PFAS above EFSA’s annual average environmental 81 
quality standard for surface water (0.65 ng L-1 PFOS) and the United States Environmental Protection 82 
Agency’s (USEPA) health advisory value for drinking water (70 ng L-1 for the sum of PFOA and PFOS; 83 
Gobelius et al. 2018). The source of these exceedances was stipulated to be from factors such as the 84 
potential use of biosolids from wastewater treatment plants, irrigation water, and illegal or accidental 85 
discharges. Maximum concentrations of ∑(PFOS & PFOA) downstream of the Nakdong River were 86 
recorded as 0.183 µg L-1 and 1.12 µg kg-1 for water and soil respectively (Lam et al. 2016; Choi et al. 87 
2017; Kim and Kim 2018). 88 
Six years after the first baseline survey, most studies have focused on correlations between 89 
potential dietary sources of PFAS and impacts on human health as well as dietary exposure and impacts 90 
on sex and age (Ji et al. 2012a, 2012b; Lee et al. 2017). However, the scarcity of PFOA and PFOS data 91 
within the South Korean agricultural sector coupled with the limited number of studies that have 92 
reported dietary exposure assessments in some agricultural products have necessitated a need for 93 
further studies. To address this knowledge gap, this manuscript provides an evaluation of the following: 94 
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(1) seasonal variation in PFOS and PFOA concentrations (2013–2017) in agricultural soil and 95 
irrigation water that might impact plant uptake, and (2) an assessment of dietary exposure to 96 
PFOS/PFOA from agricultural crops based on the revised 2018 EFSA RfDs. 97 
This assessment uses the Nakdong River as a test site as it is one of the largest rivers in South 98 
Korea and passes through a wide range of land uses. Previous studies on sediments and surface water 99 
from the Nakdong River basin (influents, effluents, tributaries, and estuaries) identified mean sediment 100 
concentrations of PFOA (< 0.05 - 0.929 ng g-1) and PFOS (< 0.01 – 2.682 ng g-1), and mean surface 101 
water concentrations of PFOA (0.002–1.450 μg L-1) and PFOS (0.001–0.626 μg L-1) (Cho et al. 2010; 102 
Kim et al. 2012; Hong et al. 2013; Lam et al. 2014). The relatively high PFOA and PFOS 103 
concentrations in surface water of the Nakdong River, which may have resulted from illegal and/or 104 
accidental discharges from industrial activities, have raised concerns about the possibility of uptake by 105 
crops cultivated in the environment of the Nakdong delta. These studies were used data collected prior 106 
to the enforcement of the POPs Control Act, 2013; thus, an updated assessment is needed to establish 107 
risks. This study is the first to determine human dietary exposure to PFOA and PFOS from locally 108 
cultivated crops as well as identify seasonal changes in PFOA and PFOS concentrations in soil and 109 
surface water of the Nakdong delta. 110 
 111 
Materials and method 112 
Study site and sampling 113 
The Nakdong-river, one of South Korea’s largest and longest (length = 506.17 km, total watershed = 114 
23,384.21 km2), passes through Daegu and Busan (two major industrialized cities) with eight main 115 
tributaries. The total annual precipitation of the basin is approximately 1,200 mm, 60 % of which falls 116 
from June to September, the monsoon climate and typhoons in the Korean Peninsula substantially 117 
affect the precipitation pattern (Kim et al. 2015b). As a major drinking source to over ten million 118 
people, past emissions and chemical spillages in the Nakdong River present potential risks upon 119 
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consumption (Lee et al. 2013a). The choice of sampling months was influenced by climatic conditions 120 
that characterize periods before the agricultural season (March - May: spring, cool milder temperatures 121 
interspersed with mild rainfall), start of crop growth (June - August: summer, abundant rain), period 122 
prior to harvesting (September - November: autumn, hot climate with mild rain), and periods of no 123 
agricultural activity (December - February: cold air Asian monsoon in winter, snowy, little to no rain). 124 
The choice of sampling sites was chosen based on a previous study performed by Choi et al. (2017); 125 
six sampling sites (A-F) were selected (Fig. 1). Detailed information on the site locations is shown in 126 
Table S1. Selection of sites A - D were along the longest waterway in the area, and sites E and F were 127 
located near site A, but isolated from sites A - D.  128 
The water and soil were sampled with the reported method by Choi et al. (2017). 2 L of irrigation water 129 
was sampled in 2 L polypropylene containers on a three-month interval in 2013 and 2015. Grab surface 130 
water samples were collected approximately 0.1 m under the surface with pre-cleaned polypropylene 131 
container which had been rinsed with methanol. Soil was sampled 50 m from the irrigation water 132 
sampling site once a year in March from 2013 to 2017. 3 kg of surface soil were collected to a depth 133 
of 0.15 m, and placed in polypropylene bags. Soil samples was collected in triplicates in each farmland, 134 
and a composite representative for each site was obtained by mixing equal weights. Sampled soil was 135 
dried in a fume hood for five days at the room temperature and stored at -20°C. The soil for calculation 136 
of plant uptake factor (PUF) was collected near the root of crops, after crop sampling. As the Korean 137 
diet is predominantly vegetarian and includes rice on a daily basis, the choice of vegetables selected 138 
in this study was aligned with those grown in the Nakdong region. These included: Chinese chive, 139 
green onion, lettuce, onion, parsley, spinach, tomato, and white cabbage. Other food crops sampled 140 
included apricot, plum, raspberry, and rice (grain). The each crop samples were collected 3 kg with 141 
three replications on the farm. Each bulk crop sample was finely chopped and ground with dry ice and 142 




Chemicals and reagents 145 
Two natives, PFOA and PFOS and isotope labeled standard solutions: 13C4- and 13C8-PFOA and PFOS 146 
were purchased from Wellington Laboratories Inc. (ON, Canada). ENVI-CarbTM (Supelco, PA, USA), 147 
hydrophilic lipophilic balance (HLB) solid phase extraction (SPE) cartridge (0.5 g, 6 mL) were 148 
purchased from Waters Co. Inc. (Ireland) and nylon membrane filter (0.23 µm) were from Silicycle 149 
Inc. (Quebec, Canada) Distilled water (DW) was freshly prepared, and all solvents (acetic acid, acetone, 150 
acetonitrile and methanol) used were HPLC grade from Merck KGaA (Darmstadt, Germany).  151 
 152 
Analytical sample preparation of PFOA and PFOS in soil, water and crops 153 
PFOA and PFOS were analyzed in soil, water and vegetables using the analytical method reported by 154 
Choi et al. (2018). In brief, soil was dried at room temperature and passed through a 2 mm sieve. One 155 
gram of soil was extracted with 10 mL of aqueous acetic acid (1.0%) with mechanical shaking for an 156 
hour before and after sonication for 20 min. The extracts were centrifuged, and supernatants were 157 
collected in a new PP tube. 10 mL of a mixture solvent with methanol and 1.0% aqueous acetic acid 158 
(9/1, v/v) was added to the original soil, and the extraction was repeated three times. The combined 159 
extract was concentrated to 15 mL under N2 gas on Hurricane-Eagle (Chungmin-Tech Co. Ltd., Seoul, 160 
Korea) and diluted with DW to a 50 mL. The diluted extract was vortexed and loaded to an HLB SPE 161 
cartridge preconditioned with 10 mL methanol, followed by 10 mL DW. Extract was loaded at a rate 162 
of 1.3-1.6 mL min-1, and washed with 5 mL of 30 % methanol in DW. The cartridge was eluted with 163 
10 mL methanol, and eluent concentrated and re-dissolved with methanol to a final volume of 1.0 mL. 164 
The extract was cleaned up with 20 mg of powdered ENVI-CarbTM, then filtered with a nylon syringe 165 
filter. Ten microliters of 0.01 mg L-1 13C8-PFOS and 13C8-PFOA were added to the clean-up extracts 166 
prior to analyses as internal standards. Water samples, collected from Nakdong River, were allowed 167 
to settle for two hours prior to extraction. 500 mL of water sample was passed through an HLB 168 
cartridge, and the extraction was processed using the same method described above. The method 169 
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developed by Choi et al. (2018), was used to extract PFOS and PFOA from vegetables. Briefly, the 170 
crops were washed gently under running water to remove soil and the samples were ground with dry 171 
ice. 10.0 g of sample was extracted with 90 % (v/v) methanol in DW (10 mL x 3) by mechanical 172 
shaking for an hour and sonication for 20 min. The extracts were centrifuged and supernatants were 173 
collected in a new PP tube. Additionally the crop sample was re-extracted with 75 % (v/v) 174 
tetrahydrofuran in DW. The combined extracts were then concentrated to 10 mL under nitrogen and 175 
re-diluted with DW to a volume of 50 mL. These samples were then extracted with HLB SPE cartridges 176 
and the subsequent process was followed the method described above.  177 
 178 
Instrumental analyses  179 
Samples were analyzed using high performance liquid chromatography with tandem mass 180 
spectrometry (HPLC-MS/MS). This was performed on an Agilent 1200LC liquid chromatograph 181 
coupled to a 4000 QTrap triple-quadrupole mass spectrometer (AB Sciex Ltd., MA, USA) operated in 182 
negative electrospray ionization mode with multiple reaction monitoring (MRM). A FluoroSep-RP 183 
Octyl column (5 µm, 150 mm x 2.1 mm; ES Industries, NJ, USA) for analyte separation and a Restek 184 
C18 column (5 µm, 50 mm x 2.1 mm, Restek, Bellefonte, PA, USA) for the prevention of PFAS 185 
contamination from solvent impurity were used for the analysis. The optimized instrumental 186 
parameters and HPLC mobile phase gradient are described in detail by Choi et al. (2017). 187 
 188 
Quality control 189 
Spike recovery tests were performed using a 13C4-PFOS and 13C4-PFOA solution resulting in a final 190 
sample concentration of 0.05 μg L-1 for water, 0.50 μg kg-1 for soil and crop. Samples were tested in 191 
triplicate, and returned acceptable recoveries (69.4-76.3%) for soil, water and vegetables. The method 192 
limit of quantification (MLOQ) was determined to be 0.00002 µg L-1 for water, 0.010 µg kg-1 for soil 193 
and 0.001 µg kg-1 for crops. Linearity was recorded throughout the analyses by running the calibration 194 
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series (0.010 to 1.00 µg L-1), and the inter-day precisions were below 10 %. All quality control results 195 
are presented in Table S2 in the supporting information. 196 
 197 
Calculation on PUF and estimated daily intake (EDI) 198 
Crop and soil samples, used in the calculation of PUF and EDI of PFOA and PFOS, were collected in 199 
2017. PUF, expressed as the ratio between concentrations of a chemical analyte determined in plant 200 
tissue and soil (Liu et al. 2019), was calculated by dividing the concentration in the crop by the 201 
concentration recorded in the soil (Equation 1): 202 
 203 
PUF=
Concentration in crop �μg kg-1�
Concentration in soil �μg kg-1�
 204 
Equation 1: Calculation for plant uptake factor (PUF) 205 
 206 
EDI was calculated using the concentration recorded in each crop, and an estimate of the daily intake 207 
of crops for Korean adults, assuming an average body weight of 60 kg (Equation 2). Food intake data 208 
were obtained from the 2017 National Food & Nutrition Statistics provided by the Korean Health 209 
Industry Development Institute (KHIDI, 2017).  210 
 211 
EDI (ng kgbw-1day-1 )= 
[�Daily intake of crop per person (g day-1� x (Residual concentration (ng g-1)]
Average body weight (60 kg)  212 
Equation 2: Calculation for estimated daily intake (EDI)  213 
 214 
Results and discussion 215 
PFOA and PFOS residues in irrigation water in Nakdong River  216 
PFOA and PFOS were detected in water samples from all study sites. The average PFOA and PFOS 217 
concentrations in 48 irrigation waters sampled throughout the study period were 0.042 ± 0.042 µg L-1 218 
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and 0.027 ± 0.068 µg L-1, respectively (Table 1). The average of the sum of PFOA and PFOS in 2013 219 
and 2015 were highest in winter at 0.101 µg L-1, followed by 0.070 µg L-1 in summer and 0.060 µg L-220 
1 in autumn, with the lowest concentrations of 0.047 µg L-1 recorded in spring (Table S4 in the 221 
supporting information). The biennial (2013–2015) average concentrations of the sum of PFOA and 222 
PFOS in the southern sites (downstream sites A, B, E, and F, 0.080 µg L-1) were twice as high as for 223 
the northern sites (upstream sites C and D, 0.048 µg L-1). Concentrations peaked during winter for the 224 
southern sites, and at the beginning of summer for the northern sites in 2013 (Fig. 2). PFOA and PFOS 225 
residues varied seasonally in the southern site in 2013, with the greatest PFOA and PFOS 226 
concentrations in winter (0.129 and 0.107 µg L-1, respectively), followed by PFOS concentrations in 227 
autumn (0.094 µg L-1), PFOA and PFOS concentrations in summer (0.089 and 0.033 µg L-1, 228 
respectively), and PFOA (0.029 µg L-1) and PFOS (0.023 µg L-1) in spring. The average PFOA and 229 
PFOS concentrations in the southern sites were 0.067 and 0.064 µg L-1 in 2013, respectively; this 230 
decreased to 0.019 and 0.009 µg L-1, respectively, in 2015. The average PFOA and PFOS 231 
concentrations in the northern sites in 2013 were 0.059 and 0.016 µg L-1, respectively; this decreased 232 
to 0.020 and 0.003 µg L-1, respectively, in 2015.  233 
Industrial activities involving paint, metal, and recycling factories were located near sites A–C 234 
during sampling, whereas other sites were at least a 100 m away from industrial activities. Thus, 235 
contamination in site A could be attributed to localized disposal of pollutants into irrigation waterways 236 
of the Nakdong River. The average PFOA concentrations at all sites (A–F) decreased by a factor of 3 237 
from 2013 (0.064 µg L-1) to 2015 (0.019 µg L-1). Similarly, the PFOS concentrations decreased by a 238 
factor of 7 from 2013 (0.048 µg L-1) to 2015 (0.007 µg L-1). Based on the differences in the observed 239 
residue patterns in Fig. 2 for 2013 and 2015, the decrease in concentrations could be attributed to a 240 
positive impact of the enforcement of the POPs Control Act in 2013. Additional six samples from the 241 
sites were analyzed from June 2017; the results indicated that PFOA concentrations continued to 242 
decline (0.017 µg L-1), and PFOS concentrations remained relatively stable (0.005 µg L-1) 243 
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High concentrations of PFOA and PFOS corresponded with elevated levels of rainfall documented 244 
in Busan from 2013 to 2015. Sites (C–F) showed a decrease in PFOS and PFOA residues in September, 245 
but this trend was not observed in sites A and B which were near heavily industrialized zones. This 246 
could be attributed to the heavy rainfall observed during summer (206.7–316.9 mm/month). With 247 
heavy rains, PFOS and PFOA may be washed away, removing some of the local contamination sources. 248 
In 2013, PFOA residues increased in all sites studied in June, which could be attributed to 249 
contamination from the main river, although local contamination sources may have partially 250 
contributed to this increase.  251 
From previous studies, PFOA and PFOS concentrations detected in the Nakdong River (0.0065–252 
0.101 μg L-1) are relatively similar to those reported in this study, considering differences in study sites, 253 
extent of contamination, and sampling season (Cho et al. 2010; Hong et al. 2013; Lam et al. 2014). 254 
The annual mean concentrations of PFOA (0.064 and 0.019 μg L-1 for 2013 and 2015, respectively) 255 
and PFOS (0.048 and 0.007 μg L-1 for 2013 and 2015, respectively) in surface irrigation water of the 256 
Nakdong River exceeded the advisory guideline by Office of Environmental Health Hazard 257 
Assessment (OEHHA) in California (0.0051 μg L-1 for PFOA and 0.0065 μg L-1 for PFOS) (OEHHA, 258 
2019), indicating that PFOA and PFOS in the Nakdong region may have an adverse effect on human 259 
health. 260 
 261 
PFOA and PFOS residues in agricultural soil around Nakdong River 262 
Table 2 shows the average PFOS and PFOA residue concentrations in soil samples collected from 263 
agricultural sites A–F around the Nakdong delta. A 100% detection frequency was observed in all soil 264 
samples over the five-year study period (2013–2017), with the average total PFAS concentrations 265 
ranging between 0.443 and 2.717 µg kg-1. The detected PFOA and PFOS residues were 0.141–0.841 266 
and 0.059–2.785 µg kg-1 in the soil, respectively, with respective averages of 0.377 and 0.763 µg kg-1 267 
for the entire period. The average PFOA and PFOS concentrations in the soil samples were consistent 268 
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with the relative concentrations in water samples obtained from the same locations. The average 269 
residues of PFOA and PFOS were ranged on 0.336-0.485 µg kg-1 and 0.496-1.024 µg kg-1 in the 270 
southern site (A, B, E, and F) and 0.273-0.411 µg kg-1 and 0.219-1.016 µg kg-1 in the northern site (C 271 
and D), respectively (Table S5 in the supporting information). Higher average concentrations of PFOA 272 
(0.406 µg kg-1) and PFOS (0.790 µg kg-1) in the entire period were determined in the southern soil, in 273 
comparison to the northern locations where average concentrations were 0.322 and 0.710 µg kg-1 for 274 
PFOA and PFOS, respectively. Interestingly the PFOA residue in the site A and B appeared to increase 275 
with time, while the residues in other sites remained relatively constant. This differed from the trends 276 
for PFOS where residues in the soil of all sites tended to decrease over time (Figure 3). These opposing 277 
trends might be a result of the difference in the restriction guidelines for the use of PFOA and PFOS 278 
by the POPs Act. The restriction for PFOS was listed in 2013 but PFOA was only listed in 2019. 279 
Average soil concentrations in all sites were below the proposed Canadian Federal quality guideline 280 
for agricultural soil (10 µg kg-1; Xiang et al. 2020). 281 
 282 
Plant uptake of PFOA and PFOS  283 
In addition to soil, irrigation water from the Nakdong River is an important source of PFOA and PFOS 284 
that may influence plant uptake of PFAS. Six crop types (white cabbage, rice, green onions, parsley, 285 
lettuce, and plums) and the cultivated soils were collected in 2017 throughout the delta area. 286 
Concentrations of PFOA and PFOS recorded in soil, and the crops are presented in Table 3, along with 287 
the calculated plant uptake factor (PUF). The highest levels of PFOA were identified in green onions 288 
and white cabbage at 0.809 and 0.476 µg kg-1, respectively. PFOS residues were the highest in white 289 
cabbage (0.115 µg kg-1) and lettuce (0.087 µg kg-1). Both PFOA and PFOS concentrations were lowest 290 
in plums and parsley.  291 
Leafy vegetables had higher PUFs for PFOA than other crops (green onions, 0.962; white cabbage, 292 
0.592; rice (whole), 0.435; plums, 0.355; lettuce, 0.252; parsley, 0.154). Lettuce had the highest PFOS 293 
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PUF (0.286), followed by white cabbage (0.086), parsley (0.067), rice (whole, 0.057), green onions 294 
(0.017), and plums (<0.004). The uptake of PFOA from soil to crop was greater than that of PFOS, 295 
however the extent of this difference varied for each crop. 296 
 297 
Dietary exposure assessment of PFOS and PFOA from Nakdong region 298 
A human health risk assessment was performed to calculate the EDIs of PFOA and PFOS from the 299 
edible crops analyzed in this study. The results showed that the intake of rice, leafy vegetables, and 300 
fruits grown in the Nakdong delta contributed the most to PFAS exposure (Table 4). Rice was identified 301 
as the main source of both PFOA (0.247 ng kgbw-1 day-1) and PFOS (0.086 ng kgbw-1 day-1). Notable 302 
contributions of PFOS were also recorded in white cabbage (0.018 ng kgbw-1 day-1), green onions 303 
(0.011 ng kgbw-1 day-1), and Chinese chives (0.010 ng kgbw-1 day-1). Notable contributions for PFOA 304 
were also recorded in white cabbage (0.076 ng kgbw-1 day-1), green onions (0.059 ng kgbw-1 day-1), 305 
onions (0.057 ng kgbw-1 day-1), lettuce (0.039 ng kgbw-1 day-1), tomatoes (0.023 ng kgbw-1 day-1), and 306 
spinach (0.019 ng kgbw-1 day-1).  307 
In comparison to the revised EFSA RfD guideline values (0.8 ng kgbw-1 day-1 for PFOA and 1.8 ng 308 
kgbw-1 day-1 for PFOS), the EDI contributions of the revised RfDs from crops in this study were 66.4% 309 
for PFOA and 7.9% for PFOS, of which rice contributed up to 30.9% and 4.8% of the RfDs, 310 
respectively. This indicates that crops might be a more important exposure pathway than has previously 311 
been considered, although both of the EDIs of PFOA and PFOS from crops alone did not exceed the 312 
RfD. However, when combined with other sources from recent reports (1.052 ng kgbw-1 day-1 for PFOA, 313 
1.190 ng kgbw-1 day-1 for PFOS), such as tap water, beverages, dairy, fish and shellfish, and meat and 314 
its products (Heo et al. 2014; Park et al. 2018), the Korean EDIs for PFOA and PFOS exceeded the 315 
RfDs. The detailed EDIs values are presented in Table S6 in the supporting information. 316 
The major source of PFAS in most human diets is assumed to be from meat and fish based products, 317 
as low bioaccumulation factors have been reported for PFAS in plants (Lechner and Knapp 2011; 318 
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Blaine et al. 2013; Garcia-Valcarcel et al. 2014; Choi et al. 2018; Ghisi et al. 2019). This present study 319 
shows this may not always be the case, as approximately 70% of the RfD of PFOA arose from 320 
consumption of crops. From reviewing available literature, it would appear that this issue is not limited 321 
to this study site. South Korean EDI values for PFOA from crops and foods were comparable to 322 
reported values from China, Japan, Germany, and the United States (0.72 – 10.5 ng kgbw-1 day-1), but 323 
higher than those from Norway and Sweden (0.35 – 0.69 ng kgbw-1 day-1) (Liu et al. 2017).  324 
 325 
Conclusions and recommendations 326 
This study explored the influence of PFOA- and PFOS-contaminated water and soil on plant uptake 327 
and its impact on dietary exposure in and around one of the largest rivers in South Korea, the Nakdong 328 
River, over a five-year period (2013–2017). The annual average concentration of the sum of PFOA 329 
and PFOS concentrations in the irrigation water exceeded the Californian OEHHA’s advisory 330 
guidelines for inland surface water. Although the accumulation rates for crops would likely be lower 331 
than those of animal products, this study identified that plant uptake of PFOA and PFOS can be a 332 
significant pathway for human exposure. Plant uptake factors greatly vaired with different crop types 333 
ranging from < 0.4 % (plum) to 96 % (green onion) and with leafy vegetables appearing to accumulate 334 
the highest concentrations of PFOA and PFOS. 335 
The calculated EDI contributions of the proposed EFSA RfDs from crops in this study were 66.4% 336 
for PFOA and 7.9% for PFOS, of which rice contributed up to 30.9 and 4.8% of the total PFOA and 337 
PFOS exposure, respectively. Although the PFOA and PFOS residues in soil did not exceed the 338 
advisory Canadian guidelines for agriculture, the PFOA EDI values of the local crops almost reached 339 
the proposed RfD. When combined with estimated inputs from other sources, the EDIs of PFOA and 340 
PFOS for people consuming vegetables grown in the study site would likely exceed both of the RfDs. 341 
It is not currently clear whether the PFOS and PFOA recorded in these samples were predominantly 342 
due to plant uptake from soil and pore water, or from PFAS introduced to the surface of the plants by 343 
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irrigation water. Further studies are needed to establish this so that effective mitigation measures can 344 
be introduced. The results of our research point towards the positive impact legislation can have in 345 
reducing environmental concentrations of PFOA and PFOS, however, not all PFAS are regulated to 346 
the same extent. Therefore, the decrease in concentrations in PFOA and PFOS identified here may be 347 
offset by increased use of emerging PFAS, such as the C8 replacements hexafluoropropylene oxide 348 
dimer (HFPO-DA), hexafluoropropylene trimer acids (HFPO-TA), and 6:2 chlorinated polyfluorinated 349 
ether sulfonic acid (6:2 Cl-PFESA). Future PFAS monitoring campaigns should include an assessment 350 
of emerging perfluorochemical contaminants in local foods and in agricultural environments to help 351 
establish more robust PFAS management guidelines. 352 
 353 
Conflicts of Interest 354 
The authors declare no conflicts of interest 355 
 356 
Acknowledgements  357 
This work was supported by a grant from "Research Program for Agricultural Science & Technology 358 
Development", National Academy of Agricultural Science, Rural Development Administration 359 
(PJ00930101, PJ01332102), Republic of Korea  360 
 361 
References 362 
Baduel, C., Lai, F. Y., Townsend, K., & Mueller, J. F. (2014). Size and age–concentration relationships 363 
for perfluoroalkyl substances in stingray livers from eastern Australia. Science of the Total 364 
Environment, 496, 523-530. 365 
Bengtson, N. S., Rintoul, S. R., Kawaguchi, S., Staniland, I., van den Hoff, J., Tierney, M., et al. (2010). 366 
Perfluorinated compounds in the Antarctic region: Ocean circulation provides prolonged 367 
protection from distant sources. Environmental Pollution, 158, 2985-2991. 368 
16 
 
Blaine, A. C., Rich, C. D., Hundal, L. S., Lau, C., Mills, M. A., Harris, K. M., et al. (2013). Uptake of 369 
perfluoroalkyl acids into edible crops via land applied biosolids: field and greenhouse studies. 370 
Environmental Science and Technology, 47(24), 14062-14069. 371 
Cai, M., Yang, H., Xie, Z., Zhao, Z., Wang, F., Lu, Z., et al. (2012). Per-and polyfluoroalkyl substances 372 
in snow, lake, surface runoff water and coastal seawater in Fildes Peninsula, King George Island, 373 
Antarctica. Journal of Hazardous Materials, 209, 335-342. 374 
Cho, C. R., Cho, H. S., & Kannan, K. (2010). Residual characteristics of periluorinated compounds in 375 
Nakdong River watershed. Toxicology and Environmental Health Science, 2, 60-72. 376 
Choi, G. H., Lee, D. Y., Bae, J. Y., Rho, J. H., Moon, B. C., & Kim, J. H. (2018). Bioconcentration 377 
factor of perfluorochemicals for each aerial part of rice. Journal of Applied Biological Chemistry, 378 
61, 191-194. 379 
Choi, G. H., Lee, D. Y., Jeong, D. K., Kuppusamy, S., Lee, Y. B., Park, B. J., et al. (2017). 380 
Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) concentrations in the 381 
South Korean agricultural environment: A national survey. Journal of Integrative Agriculture, 16, 382 
1841-1851. 383 
Essumang, D. K., Eshun, A., Hogarh, J. N., Bentum, J. K., Adjei, J. K., Negishi, J., et al. (2017). 384 
Perfluoroalkyl acids (PFAAs) in the Pra and Kakum River basins and associated tap water in 385 
Ghana. Science of the Total Environment, 579, 729-735. 386 
Filipovic, M., Woldegiorgis, A., Norström, K., Bibi, M., Lindberg, M., & Österås, A. H. (2015). 387 
Historical usage of aqueous film forming foam: A case study of the widespread distribution of 388 
perfluoroalkyl acids from a military airport to groundwater, lakes, soils and fish. Chemosphere, 389 
129, 39-45. 390 
Flores, C., Ventura, F., Martin-Alonso, J., & Caixach, J. (2013). Occurrence of perfluorooctane 391 
sulfonate (PFOS) and perfluorooctanoate (PFOA) in NE Spanish surface waters and their removal 392 
in a drinking water treatment plant that combines conventional and advanced treatments in parallel 393 
17 
 
lines. Science of the Total Environment, 461, 618-626. 394 
Fujii, Y., Yan, J., Harada, K. H., Hitomi, T., Yang, H., Wang, P., et al. (2012). Levels and profiles of 395 
long-chain perfluorinated carboxylic acids in human breast milk and infant formulas in East Asia. 396 
Chemosphere, 86, 315-321. 397 
Gallen, C., Eaglesham, G., Drage, D., Nguyen, T. H., & Mueller, J. (2018). A mass estimate of 398 
perfluoroalkyl substance (PFAS) release from Australian wastewater treatment plants. 399 
Chemosphere, 208, 975-983. 400 
Garcia-Valcarcel, A. I., Molero, E., Escorial, M. C., Chueca, M. C., & Tadeo, J. L., (2014). Uptake of 401 
perfluorinated compounds by plants grown in nutrient solution. Science of the Total Environment,  402 
472, 20-26. 403 
Geiger, S. D., Xiao, J., Ducatman, A., Frisbee, S., Innes, K., & Shankar, A. (2014). The association 404 
between PFOA, PFOS and serum lipid levels in adolescents. Chemosphere, 98, 78-83. 405 
Ghisi, R., Vamerali, T., & Manzetti, S. (2019). Accumulation of perfluorinated alkyl substances (PFAS) 406 
in agricultural plants: A review. Environmental Research, 169, 326-341. 407 
Gobelius, L., Hedlund, J., Durig, W., Troger, R., Lilja, K., Wiberg, K., et al. (2018). Per- and 408 
Polyfluoroalkyl Substances in Swedish Groundwater and Surface Water: Implications for 409 
Environmental Quality Standards and Drinking Water Guidelines. Environment Science and 410 
Technology, 52, 4340-4349. 411 
Gomis, M. I., Vestergren, R., MacLeod, M., Mueller, J. F., & Cousins, I. T. (2017). Historical human 412 
exposure to perfluoroalkyl acids in the United States and Australia reconstructed from 413 
biomonitoring data using population-based pharmacokinetic modelling. Environment 414 
International, 108, 92-102. 415 
Groffen, T., Wepener, V., Malherbe, W., & Bervoets, L. (2018). Distribution of perfluorinated 416 
compounds (PFASs) in the aquatic environment of the industrially polluted Vaal River, South 417 
Africa. Science of the Total Environment, 627, 1334-1344. 418 
18 
 
Hanssen, L., Röllin, H., Odland, J. O., Moe, M. K., & Sandanger, T. M. (2010). Perfluorinated 419 
compounds in maternal serum and cord blood from selected areas of South Africa: results of a 420 
pilot study. Journal of Environmental Monitoring, 12, 1355-1361. 421 
Harris, M. H., Rifas-Shiman, S. L., Calafat, A. M., Ye, X., Mora, A. M., Webster, T. F., et al. (2017). 422 
Predictors of per-and polyfluoroalkyl substance (PFAS) plasma concentrations in 6–10 year old 423 
American children. Environmental Science and Technology, 51, 5193-5204. 424 
Heo, J. J., Lee, J. W., Kim, S. K., & Oh, J. E. (2014). Foodstuff analyses show that seafood and water 425 
are major perfluoroalkyl acids (PFAAs) sources to humans in Korea. Journal of Hazardous 426 
Materials, 279, 402-409. 427 
Hong, S., Khim, J. S., Park, J., Kim, M., Kim, W. K., Jung, J., et al. (2013). In situ fate and partitioning 428 
of waterborne perfluoroalkyl acids (PFAAs) in the Youngsan and Nakdong River Estuaries of 429 
South Korea. Science of the Total Environment, 445, 136-145. 430 
IARC. (2020). IARC Monographs on the Identification of Carcinogenic Hazards to Humans – List of 431 
Classifications. Resource document. https://monographs.iarc.fr/list-of-classifications. Accessed 5 432 
March 2020. 433 
Jung, H. K., & Ma, J. K. (2016). A Study on Current Situations and Laws of Regulation of Endocrine 434 
Disruptors: Focus on Persistent Organic Pollutants Control Act. Inha Law Review. 19(2), 95-123.   435 
Ji, K., Kim, S., Kho, Y., Paek, D., Sakong, J., Ha, J., et al. (2012a). Serum concentrations of major 436 
perfluorinated compounds among the general population in Korea: dietary sources and potential 437 
impact on thyroid hormones. Environment International, 45, 78-85. 438 
Ji, K., Kim, S., Kho, Y., Sakong, J., Paek, D., & Choi, K. (2012b). Major perfluoroalkyl acid (PFAA) 439 
concentrations and influence of food consumption among the general population of Daegu, Korea. 440 
Science of the Total Environment, 438, 42-48. 441 
KHIDI. (2017). Korea National Health & Nutrition Examination Survey. Resource document. Korea 442 




Accessed 17 February 2017. 445 
Kim, E. J., & Kim, J. G. (2018). Distribution of Organohalogen Compounds in Surface Water and 446 
Sediments of Major River Systems Across South Korea. Environmental Engineering Science, 35, 447 
27-36. 448 
Kim, H., Ekpe, O. D., Lee, J. H., Kim, D. H., & Oh, J. E. (2019). Field-scale evaluation of the uptake 449 
of Perfluoroalkyl substances from soil by rice in paddy fields in South Korea. Science of the Total 450 
Environment, 671, 714-721. 451 
Kim, J. H., Ok, Y. S., Choi, G. H., & Park, B. J. (2015a). Residual perfluorochemicals in the biochar 452 
from sewage sludge. Chemosphere, 134, 435-437. 453 
Kim, M., Kim, Y., Kim, H., Piao, W., & Kim, C. (2015b). Enhanced monitoring of water quality 454 
variation in Nakdong River downstream using multivariate statistical techniques. Desalination 455 
and Water Treatment, 57, 12508-12517   456 
Kim, S. K., Im, J. K., Kang, Y. M., Jung, S. Y., Kho, Y. L., & Zoh, K. D. (2012). Wastewater treatment 457 
plants (WWTPs)-derived national discharge loads of perfluorinated compounds (PFCs). Journal 458 
of Hazardous Materials, 201, 82-91. 459 
Korea Meteorological Administration (2020). Rainfall Observation Data. Resource document.  460 
https://www.weather.go.kr/weather/climate/past_table.jsp. Accessed 20 Febuary 2020. 461 
Kowalczyk, J., Ehlers, S., Fürst, P., Schafft, H., & Lahrssen-Wiederholt, M. (2012). Transfer of 462 
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) from contaminated feed 463 
into milk and meat of sheep: pilot study. Archives of Environmental Contamination and Toxicology, 464 
63, 288-298. 465 
Lam, N. H., Cho, C. R., Lee, J. S., Soh, H. Y., Lee, B. C., Lee, J. A., et al. (2014). Perfluorinated alkyl 466 
substances in water, sediment, plankton and fish from Korean rivers and lakes: a nationwide 467 
survey. Science of the Total Environment, 491, 154-162. 468 
20 
 
Lam, N. H., Min, B. K., Cho, C. R., Park, K. H., Ryu, J. S., Kim, P. J., et al. (2016). Distribution of 469 
perfluoroalkyl substances in water from industrialized bays, rivers and agricultural areas in Korea. 470 
Journal of Toxicology and Environmental health sciences, 8, 43-55. 471 
Lechner, M., & Knapp, H. (2011). Carryover of perfluorooctanoic acid (PFOA) and perfluorooctane 472 
sulfonate (PFOS) from soil to plant and distribution to the different plant compartments studied 473 
in cultures of carrots (Daucus carota ssp. Sativus), potatoes (Solanum tuberosum), and cucumbers 474 
(Cucumis Sativus). Journal of Agricultural and Food Chemistry, 59(20), 11011-11018. 475 
Lee, Y. J., Kim, M. K., Bae, J., & Yang, J. H. (2013a). Concentrations of perfluoroalkyl compounds in 476 
maternal and umbilical cord sera and birth outcomes in Korea. Chemosphere, 90, 1603-1609. 477 
Lee, J. K., Kim, T. O., & Jung, Y. J. (2013b). Analysis of domestic water pollution accident and 478 
response management. Journal of Wetlands Research, 15, 529-534. 479 
Lee, J. H., Lee, C. K., Suh, C. H., Kang, H. S., Hong, C. P., & Choi, S. N. (2017). Serum concentrations 480 
of per-and poly-fluoroalkyl substances and factors associated with exposure in the general adult 481 
population in South Korea. International Journal of Hygiene and Environmentla Health, 220, 482 
1046-1054. 483 
Li, J., He, J., Niu, Z., & Zhang, Y. (2020). Legacy per-and polyfluoroalkyl substances (PFASs) and 484 
alternatives (short-chain analogues, F-53B, GenX and FC-98) in residential soils of China: Present 485 
implications of replacing legacy PFASs. Environment International, 135, 105419. 486 
Lindim, C., Van Gils, J., & Cousins, I. T. (2016). Europe-wide estuarine export and surface water 487 
concentrations of PFOS and PFOA. Water Research, 103, 124-132. 488 
Liu, Z., Lu, Y., Shi, Y., Wang, P., Jones, K., Sweetman, A. J., et al. (2017). Crop bioaccumulation and 489 
human exposure of perfluoroalkyl acids through multi-media transport from a mega 490 
fluorochemical industrial park, China. Environment International, 106, 37-47. 491 
Liu, Z., Lu, Y., Song, X., Jones, K., Sweetman, A. J., Johnson, A. C., et al. (2019). Multiple crop 492 
bioaccumulation and human exposure of perfluoroalkyl substances around a mega fluorochemical 493 
21 
 
industrial park, China: Implication for planting optimization and food safety. Environment 494 
International, 127, 671-684. 495 
Llorca, M., Farré, M., Tavano, M. S., Alonso, B., Koremblit, G., & Barceló, D. (2012). Fate of a broad 496 
spectrum of perfluorinated compounds in soils and biota from Tierra del Fuego and Antarctica. 497 
Environmental Pollution, 163, 158-166. 498 
Luo, L., Kim, M. J., Park, J., Yang, H. D., Kho, Y., Chung, M. S., et al. (2019). Reduction of 499 
perfluorinated compound content in fish cake and swimming carb by different cooking methods. 500 
Applied Biological Chemistry, 62, 44 501 
O'Connor, W. A., Zammit, A., Dove, M. C., Stevenson, G., & Taylor, M. D. (2018). First observations 502 
of perfluorooctane sulfonate occurrence and depuration from Sydney Rock Oysters, Saccostrea 503 
glomerata, in Port Stephens NSW Australia. Marine Pollution Bulletin, 127, 207-210. 504 
OEHHA. (2019). Notification Level Recommendations for Perfluorooctanoic Acid (PFOA) and 505 
Perfluorooctane Sulfonate (PFOS). Resource document. Califonia Office of Environmental Health 506 
Hazard Assessment. https://oehha.ca.gov/water/notification-level/notification-level-507 
recommendations-perfluorooctanoic-acid-pfoa. Accessed 7 July 2020.  508 
Olsen, G. W., Lange, C. C., Ellefson, M. E., Mair, D. C., Church, T. R., Goldberg, C. L., et al. (2012). 509 
Temporal trends of perfluoroalkyl concentrations in American Red Cross adult blood donors, 510 
2000–2010. Environmental Science and Technology, 46, 6330-6338. 511 
Olsen, G. W., Mair, D. C., Lange, C. C., Harrington, L. M., Church, T. R., Goldberg, C. L., et al. (2017). 512 
Per-and polyfluoroalkyl substances (PFAS) in American Red Cross adult blood donors, 2000–513 
2015. Environmental Research, 157, 87-95. 514 
Park, H., Choo, G., Kim, H., & Oh, J. E. (2018). Evaluation of the current contamination status of 515 
PFASs and OPFRs in South Korean tap water associated with its origin. Science of the Total 516 
Environment, 634, 1505-1512. 517 
Rankin, K., Mabury, S. A., Jenkins, T. M., & Washington, J. W. (2016). A North American and global 518 
22 
 
survey of perfluoroalkyl substances in surface soils: Distribution patterns and mode of occurrence. 519 
Chemosphere, 161, 333-341. 520 
Seong, H. J., Kwon, S. W., Seo, D. C., Kim, J. H., & Jang, Y. S. (2019). Enzymatic defluorination of 521 
fluorinated compounds. Applied Biological Chemistry, 62, 62. 522 
Toft, G., Jönsson, B., Lindh, C., Giwercman, A., Spano, M., Heederik, D., et al. (2012). Exposure to 523 
perfluorinated compounds and human semen quality in Arctic and European populations. Human 524 
Reproduction, 27(8), 2532-2540. 525 
Toms, L. M., Thompson, J., Rotander, A., Hobson, P., Calafat, A. M., Kato, K., et al. (2014). Decline 526 
in perfluorooctane sulfonate and perfluorooctanoate serum concentrations in an Australian 527 
population from 2002 to 2011. Environment International, 74-80. 528 
Vestergren, R., & Cousins, I. T. (2009). Tracking the pathways of human exposure to 529 
perfluorocarboxylates. Environmental Science and Technology, 43(15), 5565-5575. 530 
Verhaert, V., Newmark, N., D'Hollander, W., Covaci, A., Vlok, W., Wepener, V., et al. (2017). Persistent 531 
organic pollutants in the Olifants River Basin, South Africa: Bioaccumulation and trophic transfer 532 
through a subtropical aquatic food web. Science of the Total Environment, 586, 792-806. 533 
Wang, Z., Cousins, I. T., Scheringer, M., Buck, R. C., & Hungerbühler, K. (2014). Global emission 534 
inventories for C4–C14 perfluoroalkyl carboxylic acid (PFCA) homologues from 1951 to 2030, 535 
Part I: production and emissions from quantifiable sources. Environment International, 70, 62-75. 536 
Xiang, L., Li, Y. W., Yu, P. F., Feng, N. X., Zhao, H. M., Li, H., et al. (2020). Food Safety Concerns: 537 
Crop Breeding as a Potential Strategy To Address Issues Associated with the Recently Lowered 538 
Reference Doses for Perfluorooctanoic Acid and Perfluorooctane Sulfonate. Journal of 539 




Fig. 1 A map showing the study area, Nakdong River, and sampling points within and around the river. 542 
Sampling points are referenced from A-F 543 




Fig. 2 Temporal changes in PFOA and PFOS concentrations (µg L-1) in surface water from Nakdong 546 
River from March to December 2013 and 2015 547 




Fig. 3 Temporal residue changes (µg kg-1) in PFOA (a) and PFOS (b) in the soil of the each sampling 550 
site (A-F) from Nakdong River from 2013 to 2017  551 
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Table 1. Temporal changes of PFCs residual concentration (µg L-1) in irrigation water on the delta 552 
area of the Nakdong-river. 553 
Site Average ± SD (2013) 
Average ± SD 
(2015) 
Average ± SD 
(All) 
A 
PFOA 0.082 ± 0.063 0.022 ± 0.006 0.052 ± 0.053 
PFOS 0.196 ± 0.148 0.026 ± 0.036 0.111 ± 0.137 
Sum 0.278 ± 0.210 0.048 ± 0.039 0.163 ± 0.186 
B 
PFOA 0.058 ± 0.040 0.017 ± 0.004 0.037 ± 0.035 
PFOS 0.033 ± 0.018 0.004 ± 0.003 0.019 ± 0.019 
Sum 0.091 ± 0.043 0.021 ± 0.007 0.056 ± 0.047 
C 
PFOA 0.061 ± 0.033 0.025 ± 0.019 0.043 ± 0.032 
PFOS 0.027 ± 0.021 0.003 ± 0.001 0.014 ± 0.019 
Sum 0.087 ± 0.050 0.028 ± 0.021 0.057 ± 0.048 
D 
PFOA 0.056 ± 0.033 0.015 ± 0.002 0.035 ± 0.031 
PFOS 0.005 ± 0.001 0.002 ± 0.001 0.004 ± 0.002 
Sum 0.062 ± 0.036 0.017 ± 0.003 0.039 ± 0.034 
E 
PFOA 0.086 ± 0.076 0.017 ± 0.002 0.051 ± 0.063 
PFOS 0.010 ± 0.003 0.002 ± 0.001 0.006 ± 0.005 
Sum 0.096 ± 0.084 0.019 ± 0.002 0.057 ± 0.069 
F 
PFOA 0.044 ± 0.034 0.021 ± 0.015 0.032 ± 0.028 
PFOS 0.017 ± 0.013 0.004 ± 0.003 0.011 ± 0.011 
Sum 0.061 ± 0.052 0.025 ± 0.019 0.043 ± 0.041 
Southern 
(A,B,E,F) 
PFOA 0.067 ± 0.057 0.019 ± 0.008 0.043 ± 0.047 
PFOS 0.064 ± 0.106 0.009 ± 0.020 0.037 ± 0.081 
Sum 0.132 ± 0.085 0.028 ± 0.016 0.080 ± 0.086 
Northern 
(C,D) 
PFOA 0.059 ± 0.032 0.020 ± 0.014 0.039 ± 0.032 
PFOS 0.016 ± 0.018 0.003 ± 0.001 0.009 ± 0.014 
Sum 0.075 ± 0.043 0.023 ± 0.015 0.048 ± 0.041 
Average 
(All) 
PFOA 0.064 ± 0.050 0.019 ± 0.011 0.042 ± 0.042 
PFOS 0.048 ± 0.090 0.007 ± 0.017 0.027 ± 0.068 
Sum 0.112 ± 0.117 0.026 ± 0.020 0.069 ± 0.094 
 554 
  555 
27 
 
Table 2. Temporal changes of PFOA and PFOS residue (µg kg-1) at different sampling sites (A-F) in 556 
the farmland soil around Nakdong River. 557 
Site Contaminant Average±SD (2013-2017) 
A 
PFOA 0.556 ± 0.171 
PFOS 2.161 ± 0.587 
Sum 2.717 ± 0.441 
B 
PFOA 0.516 ± 0.223 
PFOS 0.472 ± 0.338 
Sum 0.988 ± 0.432 
C 
PFOA 0.414 ± 0.150 
PFOS 1.156 ± 0.631 
Sum 1.570 ± 0.770 
D 
PFOA 0.230 ± 0.062 
PFOS 0.263 ± 0.136 
Sum 0.493 ± 0.153 
E 
PFOA 0.264 ± 0.085 
PFOS 0.370 ± 0.225 
Sum 0.634 ± 0.313 
F 
PFOA 0.286 ± 0.138 
PFOS 0.158 ± 0.084 
Sum 0.443 ± 0.169 
Southern 
(A,B,E,F) 
PFOA 0.406 ± 0.208 
PFOS 0.790 ± 0.888 
Sum 1.196 ± 1.039 
Northern 
(C,D) 
PFOA 0.322 ± 0.150 
PFOS 0.710 ± 0.638 
Sum 1.031 ± 0.761 
Average 
(All) 
PFOA 0.377 ± 0.190 
PFOS 0.763 ± 0.803 
Sum 1.141 ± 0.878 
  558 
  559 
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Table 3. PFOA and PFOS residues in soil and crops, and the PUF in crops. 560 
 Soil (µg kg-1) Crop (µg kg -1) PUF 
Name PFOA PFOS PFOA PFOS PFOA PFOS 
White cabbage 0.804 1.322 0.476 0.115 0.592 0.086 
Green onion 0.841 0.236 0.809 0.004 0.962 0.017 
Parsley 0.324 0.134 0.050 0.009 0.154 0.067 
Lettuce 0.222 0.304 0.056 0.087 0.252 0.286 
Rice (whole plant) 0.154 0.159 0.067 0.009 0.435 0.057 
Plum 0.141 0.268 0.050 <0.001 0.355 <0.004 
  561 
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Table 4. EDI of PFOA and PFOS from the collected crops  562 
Crop 
EDI (ng kg-1 day-1) 
Reference 
PFOA PFOS 
Apricot <0.001 <0.001 This study 
White cabbage 0.076 0.018 This study 
Chinese chive 0.005 0.010 This study 
Green onion 0.059 0.011 This study 
Parsley <0.001 <0.001 This study 
Lettuce 0.039 0.008 This study 
Onion 0.057 <0.001 This study 
Plum 0.002 <0.001 This study 
Raspberry <0.001 <0.001 This study 
Rice (grain) 0.247 0.086 This study 
Spinach 0.019 0.008 This study 
Tomato 0.023 0.003 This study 
Sub-total 0.530 0.144 This study 
Beverage 0.069 0.011 Heo et al. (2014) 
Dairy 0.396 <0.001 Heo et al.(2014) 
Meat and its product <0.001 0.797 Heo et al. (2014) 
Fish and shellfish 0.033 0.314 Heo et al. (2014) 
Tapwater 0.555 0.068 Park et al. (2018) 
Total 1.582 1.334  
 563 
 564 
